Metal-Organic Frameworks (MOFs) are a class of hybrid materials with unique optical and electronic properties arising from rational self-assembly of the organic linkers and metal ions/clusters, yielding myriads of possible structural motifs. The combination of order and chemical tunability, coupled with good environmental stability of MOFs, are prompting many research groups to explore the possibility of incorporating these materials as active components in devices such as solar cells, photodetectors, radiation detectors, and chemical sensors.
Introduction
During the past decade Metal-Organic Frameworks (MOFs) have emerged as a promising class of materials with a wide spectrum of useful applications. [1] [2] [3] MOFs are hybrid materials, having both an inorganic and an organic component. Their structure is comprised of metal ions or clusters that are connected by electron-donating "linker" groups to create a networked structure with well-defined pores. The tunable pore size of MOFs, which ranges from <1 nm to ~10 nm, 4 makes them extremely versatile for applications that involve host-guest interactions. 5 These advantages are compelling and, as a result of their susceptibility to rational design, 6,7 both superior properties compared with conventional nanoporous materials and new understanding with respect to the interaction of small molecules confined within pores are being achieved. Not only do MOFs allow for enhanced uptake of various species (in part due to their large pore volumes and surface areas), they can also exclude certain molecules based on their size, shape, polarity, and conformation. This selectivity makes MOFs promising active materials for gas sorption, 1,2,5,8 separation materials and devices such as membranes and pre-concentrators, 9,10 and chemical sensors, 11 applications that have traditionally used porous materials that are either crystalline, but fully inorganic (e.g., zeolites), or fully organic, but disordered (e.g. aerogels or organic polymers). MOFs marry the intrinsic value of each, providing both a high degree of synthetic versatility and an ordered structure that enables rational design.
It is not difficult to envision using MOFs for photonic and electronic devices and energy storage, but these topics have received far less attention than the typical applications of nanoporous materials listed above. 12 Their advantages for these purposes are numerous. First,
MOFs have an ordered structure determined (largely) by the coordination geometry of the metal and the topology of the linkers. The strong chemical bonds created by this self assembly process enable rational design, 13 a process that has been termed "reticular synthesis," 7 as well as providing high thermal and chemical stability. Thus, MOF pore dimensions are highly defined compared with conventional amorphous nanoporous materials and polymers. Not only is this sub-angstrom knowledge of atomic positions advantageous for determining fundamental structure-property relationships, it eliminates the disorder that is a major contributor to poor mobility and low carrier densities in organic conductors, relative to crystalline inorganic materials such as silicon. Second, MOFs possess a high degree of synthetic flexibility that allows "device" is defined rather broadly to include sensors, transistors (i.e., logic), photovoltaics, and photocatalysis. We first review the basic requirements and structural elements required to fabricate MOF-based devices, including the critical technology needed to grow MOF thin films.
Progress toward developing electrically conducting frameworks is then surveyed, where several recent discoveries should encourage further research. Subsequent sections discuss examples of incorporating MOFs as active components of light harvesting and chemical sensing devices.
Finally, we identify critical challenges impeding the incorporation of MOFs into functional devices.
Integration of MOFs with functional devices
Incorporating MOFs into device hardware requires a direct physical interface with another material. To accomplish this, MOFs are typically grown as films or deposited as coatings on various substrates. Selected applications, such as photovoltaics, membranes, sensors require strict control over the quantity and quality of the MOF film or coating. In many cases, the film processing method is specific to the desired MOF. However, several general growth methods have been developed in the last few years; several excellent review articles on this topic are available. [35] [36] [37] In this section, we focus on the latest advances in the growth of MOF films, with a particular focus on the general synthetic approaches applicable to MOF integration in devices.
One of the first steps in systematic fabrication of MOF-based devices involves deposition of a MOF film or coating on a substrate. The deposition of MOF thin films can be achieved using in situ and ex situ methods. 12 In situ methods rely on substrate functionalization to allow preferential nucleation of MOF molecules and subsequent film growth, while ex situ methods are based on direct deposition of previously synthesized MOF crystals on surfaces. An extremely versatile layer-by-layer MOF growth deposition technique was discovered by Fischer, Wöll and co-workers 38, 39 and involves the sequential reaction of the metal precursor with the organic linker, both of which are in solution. During immersion, the metal ions bind to the upper layers of ligands and vice versa, allowing the building of the SURMOF (SURface-mounted MetalOrganic Frameworks) structure. In situ surface plasmon resonance (SPR) studies 40 indicate a linear growth mechanism, with the MOF film thickness directly proportional to the number of immersion cycles. Another remarkable feature is that the nature of the terminating group of the SAM (COOH or OH) governs the crystal growth direction ({100} or {111}), with the surface COOH groups coordinating to the Cu 2 paddlewheel, while the OH groups are presumably involved in strong hydrogen bonding with the H 2 O molecules in the apical position of the Cu(II)
paddle-wheel center. We recently applied the Quartz Crystal Microbalance (QCM) technique to observe the kinetics of step-by-step growth of HKUST-1 on various substrates, and based on the measured reaction rates proposed a possible mechanism. 41 The results indicate that the step-bystep deposition of HKUST-1 on surfaces ( Figure 2 ) is initiated by deposition of Cu(II) on the surface, followed by ligand exchange between coordinated acetate from the copper precursor and benzene-1,3,5-tricarboxylate ligands, leading to crystallite coalescence to form a dense film. [40] [41] [42] This process has two key advantages. First, the self-limiting growth, akin to atomic layer deposition (ALD), should allow conformal growth on small and high aspect-ratio features.
Second, each complete cycle of the LbL process allows the thickness to increase by only one unit cell, yielding precise control over layer thickness. The concept of selecting anchoring groups of a MOF on a surface was first demonstrated for IRMOF-1 using a patterned COOH/CF 3 -terminated self-assembled monolayers (SAMs). 51 IRMOF-1 cannot grow on a CF 3 -terminated SAM, but only on COOH-groups, allowing the formation of a 500 nm-thick non-oriented films made of 100 nm cubic crystallites after 24 h. The concentrated solution has to be pre-treated solvothermally to initiate the formation of the SBUs; the deposition of the film is then continued at room temperature upon slow crystallization conditions. Subsequent studies showed that selective nucleation of IRMOF-1 can also occur on 55 Based on the orientation of the films, both the kinetics and thermodynamics of gas adsorption can be systematically tuned, which makes this approach promising for the design of highly selective gas separation membranes. 
Electronically conductive MOFs
The salient feature of polymers and organic molecular solids that conduct electricity is the presence of delocalized -bonding networks that facilitate the flow of mobile charges. In a manner analogous to inorganic semiconductors, dispersion in valence and conduction bands can emerge in organic materials provided there is sufficient wave function coupling along conjugated 1D-polymer chains or along π -stacked conjugated molecules. 66 However, even in highly aromatic polymers and molecular solids the bandwidth may be considerably narrower compared to their inorganic counterparts due to lower atomic density. . 72 Following the work of Robin and Day, the magnitude of the electronic coupling of the donor and acceptor sites, expressed as the electron coupling matrix element H AB , can be used to distinguish DBA systems into classes. In Class I systems the coupling is very weak, (i.e H AB~0 ) and the donor and acceptor behave like separate sites; the energy barrier (or activation energy) for charge transfer,
, where  is the reorganization energy, corresponds to the intersection of the dashed red curves shown in Fig. 4 . The degree of metal-to-ligand charge transfer in this system can be affected by substituting TCNQ with its (partially) brominated, chlorinated or fluorinated analogues. Only in the case of As an alternative to the 'through bond' strategy for achieving charge delocalization, S/cm for ferrocene@Cu 3 2 when it bridges two neighboring copper paddlewheels, creating a continuous path through the MOF unit cell, as depicted in Fig. 6c . The importance of guest-host interaction on conductivity was further probed by adsorption of F 4 -TCNQ, which has a higher electron affinity compared to TCNQ and resulted in much smaller increase in conductivity, and H 4 -TCNQ, which lacks a delocalized -network and resulted in no measurable increase in conductivity (Fig. 6b) . These observations are supported by calculations using molecular clusters 
MOFs for light harvesting applications
MOFs present many opportunities for addressing challenges associated with light harvesting for fuel production and power generation. Extensive research in the field of luminescent MOFs supports the notion that these materials have potential for light-harvesting applications. This is a nascent area, however, and many challenges remain before practical devices can be produced that compete with state-of-the-art materials. In this section, we first review literature for two key approaches relevant to light-harvesting devices: photon capture and host-guest interactions. We follow this with a discussion of ways that MOFs can be used to promote energy transfer, which is essential for creating high-efficiency devices. Developments from research in these areas are now being translated into proof-of-concept material systems, some of which are beginning to resemble prototype devices. Overall, considerable progress has been made within the last four years, leading to our optimistic assessment that MOF-based light-harvesting devices are not far off.
In general, the characteristics that make MOFs attractive for many other applications apply here as well. However, they possess additional properties that create potential for groundbreaking improvements in these areas relative to conventional materials. In particular, relative to conventional light-harvesting organic polymers, MOFs possess long-range order that could potentially eliminate local variations known to reduce efficiency in disordered, non-crystalline PV materials. 86, 87 This could lead to higher charge mobility and energy transfer rates by minimizing traps, dead ends, and defects. A related aspect is that the long-range order provided by their crystalline structure exists for multiple length scales (e.g., unit cell to unit cell, pore-topore, guest molecule-linker orientation), suggesting possibilities to create MOF structures incorporating important features of highly evolved biological systems or complex multifunctional, but hard to control, device architectures such as dye-sensitized solar cells. The framework itself can serve as an "active" material that participates in energy harvesting and transfer; in this case, long-range order could persist over an entire crystal (hundreds of nanometers to tens of microns or more). Alternatively, molecular-scale order can be achieved by using the MOF pores as a venue for incorporating donor and/or acceptor species within a highly uniform environment.
MOF nanopores also enable the creation of hybrids in which the MOF structure serves one function while a separate material infiltrated into the pores, such as catalyst nanoparticles or a charge donating or accepting material, interacts with the framework to produce emergent properties. Additionally, these structural elements can be enhanced by functionalizing the surfaces of MOF crystals with materials such as quantum dots, redox-active quenchers, or catalysts. MOFs thus combine the best features of several "worlds" of electronic materials: the high order of inorganic conductors, the synthetic tunability of organic polymers, and, potentially, the ability to reduce electronic functionality to unit cell or few nanometer length scales, while maintaining their bulk properties. One can thus envision "supramolecular electronics" that address critical deficiencies of molecular electronics, 88,89 a concept that is yet to be realized. Consequently, modifying the electronic structure of the linker is probably a better strategy for tailoring light absorption properties. First-principles electronic structure calculations should be of help in guiding design of efficient light-harvesting MOFs. There have been a few efforts to use theory to design MOFs with appropriate visible absorption. For example, DFT tight-binding modeling of IRMOF-1 analogues indicate that the HOMO-LUMO gap can be readily tuned. By using highly conjugated, fused-ring linkers, such as perylene, the gap is predicted to decrease to ~2.6 eV. 95 Even smaller values (as low as 1.3 eV) are predicted for rather exotic linkers such as carboxylate-functionalied C 60 . We note that the computational method used here is subject to the well-known "band gap problem," in which functionals such as PBE underpredict these by as . 96 The results demonstrate that the fundamental and optical gaps of MOF-74 can be readily tuned to achieve orbital alignments with electron acceptors such as PCBM (Figure 7 ). Because these new linkers preserve the carboxylate-oxo coordinating groups used in the IRMOF-74 series, their electronic structure remains largely unaffected by the metal ion. Consequently, their absorption spectra in dilute solution can be used to benchmark the accuracy of the DFT method. Good agreement is found, showing that synthesis of MOFs with these types of linkages can be effectively guided by using these more accurate theoretical methods prior, to attempting a potentially difficult synthesis effort. harvests light efficiently over a broad spectral range. 103 A one-pot method for incorporating core-shell quantum dots into the IRMOF-1 structure was also reported. 104 The resulting highly luminescent composite material behaves as a size-selective molecular sensor. transfer. 108 Observed rates of energy transfer (again measured by quenching studies) can be more than one hundred times higher than the diffusion-controlled limit. Moreover, the quenching is amplified by 7000-fold relative to a model complex in solution. These results show that "out- photocatalytic Ir(ppy)(bpy) dicarboxylates (ppy = 2-phenyl pyridine; bpy = 2,2'-bipyridine) and inert Zr 6 (μ 3 -O) 4 (μ 3 -OH)(carboxylate) 12 groups. 119 An interesting aspect of this synthetic strategy is that matching the lengths of these two ligands allows facile substitution and controlled doping of the Ir complex for the Zr-carboxylate linker. Pt nanoparticles were created by photoreduction of a Pt salt infiltrated into the pores, using a strategy similar to that developed by Fischer et al. 120 Triethylamine was used as a mediator to reductively quench the photo-induced triplet state of the Ir complex, creating a radical that transfers electrons to the Pt nanoparticles, which then reduce H 2 O to make H 2 . The observed enhancement of the photocatalytic H 2 evolution is thought to be due to more efficient electron transfer from the Ir complex to the Pt nanoparticles. Degradation of the Ir catalyst was also reduced relative to the same reaction in solution, suggesting that the complex is more chemically inert. These results are highly encouraging, illustrating the aspects of MOFs that make them unique for photocatalysis applications relative to other photoactive materials, such as organic polymers and porous semiconducting oxides. 
Energy transfer.

MOFs in sensors
The principle of solid-state sensor devices is based on their transduction mechanism (mass, Figure 4 shows the different types of coatings synthesized on pyridyl-terminated SAMs. Janus PCP coating of Type I(C@A) or Type II(A@C) were built from the frameworks A and B, grown epitaxially on top of each other, whereas Type III (AC) followed by conversion of B to C through postsynthetic acylation of the amine group. Type III(AC) coatings consisted of statistically distributed apolar and polar ligands without spatial separation of distinct PCP systems. All three types of MOF coatings were deposited on the gold surfaces of QCM sensors that were modified by pyridyl-terminated self-assembled monolayers to achieve selective gas uptake. (Figure 13 ). 125 The triazinyl N atoms of the ligand are directed into the channels of the framework and are believed to favor interactions with metal cations. These donor-acceptor interactions alter the electronic structure of the BTPCA ligand that mediates the Although the vast majority of luminescent-based MOF sensors operate through the "turnoff" mechanism, recently S. Kitagawa and co-workers proposed an entangled MOF structure, [Zn 2 (bdc) 2 (dpndi)] n , (bdc = 1,4-benzenedicarboxylate; dpndi = N,N ′ -di-4-pyridyl-1,4,5,8-naphthalenediimide), which shows enhancement in fluorescence upon analyte adsorption. 99, 126 When exposed to selected aromatic organic compounds, such as benzene, toluene, xylenes, anisole and iodobenzene, the entangled framework displays a crystal-to-crystal phase transition.
The structural change is accompanied by a strong and analyte-specific enhancement of fluorescence. This is a rare example of "turn-on" fluorescence and two mechanisms are believed to be responsible for the observed guest-molecule selectivity: (1) charge-transfer emission and (2) heavy-atom-induced phosphorescence enhancement. Another example of the "turn-on" luminescence mechanism triggered by organic solvent molecules was reported by Li et Selective MOF growth on a desired surface is necessary for certain sensor types, but is not yet routine. However, recent proof-of-concept studies show that in principle this is feasible.
Thus, Hupp and co-workers fabricated patterned ZIF-8 thin films using standard photo photolithography and via selective MOF growth with the aid of microcontact printing. 102 The 128 The method consists of imprinting the photoresist film into a film of MOF powder, which yields a patterned MOF film.
The patterning approaches represent an important step towards highly functionalized MOFs, 129 and are potentially useful for commercial applications such as lab-on-a-chip type devices.
Conclusions and Outlook
This review illustrates some of the many emerging opportunities for using MOFs in expertise in areas such as lithography, process design, and materials integration. Nevertheless, activity in this area of chemistry continues to increase, raising the likelihood that interdisciplinary efforts will be germinated soon.
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